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LUMPED-ELEMENT DEVICE FOR
QUANTUM INFORMATION PROCESSING
SYSTEMS

BACKGROUND

The following description relates to lumped-element
devices that can be used, for 1nstance, 1n quantum i1nforma-
tion processing systems.

Microwave circuit topologies typically include signal and
ground electrodes on the surface(s) of a dielectric substrate.
Such topologies are often used for transierring and process-
ing microwave signals. Some topologies include transmis-
sion line systems that can operate as resonators or filters.

SUMMARY

In a general aspect, a lumped-element device includes an
inductor nested 1n a capacitor pad.

In some aspects, a quantum information processing circuit
includes a dielectric substrate and a lumped-element device
on the dielectric substrate. The lumped-eclement device
includes a first capacitor pad on the dielectric substrate and
an inductive transmission line on the dielectric substrate.
The first capacitor pad 1s capacitively coupled to a second
capacitor pad. The first capacitor pad has an outer boundary
and an mner boundary, and the mner boundary defines an
interior clearance area in the first capacitor pad. The induc-
tive transmission line resides 1n the interior clearance area in
the first capacitor pad.

In some aspects, a lumped-element device 1s formed 1n a
quantum information processing circuit. A first capacitor pad
and an inductive transmission line are formed on a surface
of a dielectric substrate. The {first capacitor pad 1s capaci-
tively coupled to a second capacitor pad. The first capacitor
pad has an outer boundary and an inner boundary, and the
inner boundary defines an interior clearance area in the first
capacitor pad. The inductive transmission line 1s formed 1n
the 1nterior clearance area 1n the first capacitor pad.

Implementations of these and other aspects may include
one or more of the following features. The quantum infor-
mation processing circuit comprises a coplanar waveguide
topology, where the lumped-element device resides on a first
side of the dielectric substrate, and a ground conductor also
resides on the first side of the dielectric substrate. The
ground conductor or another electrode on the first side of the
dielectric substrate can serve as the second capacitor pad.

Implementations of these and other aspects may include
one or more of the following features. The quantum infor-
mation processing circuit comprises a microstrip topology,
where the lumped-element device resides on a first side of
the dielectric substrate, and a ground conductor resides on a
second, opposite side of the dielectric substrate. The ground
conductor or another electrode on the first side of the
dielectric substrate can serve as the second capacitor pad.

Implementations of these and other aspects may include
one or more of the following features. The inductive trans-
mission line comprises a meander inductor in the interior
clearance area in the first capacitor pad. The inductive
transmission line includes an end coupled to the inner
boundary of the first capacitor pad, an end coupled to the
ground conductor, or both.

Implementations of these and other aspects may include
one or more of the following features. The lumped-eclement
device comprises a microwave resonator device having a
resonance frequency in the range of two hundred (200) MHz
to twenty (20) GHz. The largest spatial dimension of the
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2

lumped-element device 1s less than one-tenth of a guided
wavelength at the lowest-mode resonance frequency of the

resonator device. The lumped-element device can be a
microwave resonator device having a resonance frequency
that 1s defined at least in part by a capacitance between the
first and second capacitor pads and an inductance of the
inductive transmission line.

Implementations of these and other aspects may include
one or more of the following features. The lumped-element
device can be configured, for example, as a filter device or
a resonator device. A size parameter of the first and second
capacitor pads can be defined to control a resonance fre-
quency of the device. A size parameter of the inductive
transmission line can be defined to control a resonance
frequency of the device. The quantum i1nformation process-
ing circuit may include a qubit device coupled to the
lumped-element device.

Implementations of these and other aspects may include
one or more of the following features. At least a portion of
the first capacitor pad and the inductive transmission line are
formed by depositing a single layer of conductor material on
the dielectric substrate. The first capacitor pad and the
inductive transmission line can be made of superconducting
matenal. The dielectric substrate can be silicon, sapphire,
diamond or another dielectric material.

In some instances, implementations of these and other
aspects may provide one or more of the following advan-
tages. Some 1implementations include microwave resonator
devices that have specific frequency and mode characteris-
tics, are compact, reliable, tunable, and integrated with
standard waler-scale fabrication processes. For example, 1n
some 1mplementations, resonator devices can be made
smaller than some conventional resonator designs permit
(e.g., five times smaller than some standard designs). As
another example, 1 some i1mplementations, resonator
devices can be designed to achieve a larger ratio between the
desired resonance frequency and an undesired spurious
mode (e.g., the first higher undesired frequency). In some
instances, the ratio between the spurious mode and the
operating frequency of the resonator device can be 4:1, 5:1
or greater. As another example, 1n some 1mplementations,
resonator devices can be fabricated by a fabrication process
that requires fewer fabrication steps than some conventional
designs. In some 1nstances, resonator devices can be pat-
terned 1n a single photolithographic step, without necessarily
requiring air bridges, wire bonds, middle-insulator-metal
dielectrics, or other structures. As another example, 1n some
implementations, electronic properties of resonator devices
can be tuned by adjusting independent si1ze parameters of the
resonator devices. In some instances, independent param-
cters (e.g., the size of a gap, the length of a conductor, etc.)
can be individually adjusted to tune the inductance (L),
capacitance (C) or other properties of the resonator device
(e.g., input coupling, inter-resonator coupling, etc.).

The details of one or more implementations are set forth
in the accompanying drawings and the description below.
Other features, objects, and advantages will be apparent
from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1A 1s a diagram of a coplanar waveguide system that
includes an example lumped-element device; FIG. 1B 1s a
circuit diagram showing an equivalent circuit model of the
coplanar waveguide system 100 shown 1n FIG. 1A.

FIG. 2 1s a diagram of a coplanar waveguide system that
includes another example lumped-element device.
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FIGS. 3A and 3B are diagrams of a coplanar waveguide
systems that include further examples of lumped-element

devices.

FIG. 4 1s a diagram of a coplanar waveguide system that
includes another example lumped-element device.

FIG. 5 1s a diagram of a coplanar waveguide system that
includes another example lumped-element device.

FIG. 6A 1s a diagram of a quantum information control
circuit that includes an example lumped-element resonator
device; FIG. 6B 1s a circuit diagram showing an equivalent
circuit model of the quantum information control circuit 600
shown 1n FIG. 6A.

FIG. 7 1s a diagram of a microstrip system that includes
another example lumped-element device.

DETAILED DESCRIPTION

In some aspects of what 1s described here, lumped-
clement devices can be designed and fabricated for use 1n
quantum computing systems. In some 1nstances, the
lumped-element devices can be implemented as miniatur-
1zed microwave frequency resonators or miniaturized micro-
wave Irequency filters. Such devices can be used as building,
blocks 1 a larger system, for example, mn a quantum
information readout device, a Purcell filter device, a multi-
plexer or de-multiplexer device, or 1n other systems. In some
cases, such devices can be used as microwave filters for
telecommunications, microwave Irequency analog signal
filtering or other purposes.

In some 1mplementations, a lumped-element device can
be adapted for quantum information processing and quan-
tum computing applications. For instance, an LC electro-
magnetic device can be constructed with low-loss materials
according to a reliable fabrication process, having a design
that reduces or minimizes the footprint of the device and
provides suitable resonance characteristics for quantum
information processing circuits. In some cases, a device has
a single-layer photolithographic design that can be inte-
grated 1n a coplanar waveguide topology or microstrip
topology. For instance, the resonator device can include an
inductance formed by a meander inductor, a spiral inductor,
or an inductor having another shape integrated into a copla-
nar waveguide topology or microstrip topology. In some
cases, a resonator device has a capacitance and inductance
that define a resonance characteristic and that allow the
resonator to mnteract with a qubit device, for example, as a
readout resonator to detect the state of the qubit device.

In some implementations, a quantum information pro-
cessing circuit includes a lumped-element device on a
dielectric substrate. For instance, a quantum information

processing circuit can include any of the lumped-element
devices (116, 216, 316A, 3168, 416, 516, 716) shown 1n

FIGS. 1, 2, 3A, 3B, 4, 5 and 7. In some cases, the lumped-
clement device can be configured to operate as a resonator
device, a filter device, or another type of circuit element. In
the examples shown in FIGS. 1, 2, 3A, 3B, 4, 5 and 7, the
lumped-element device includes a capacitance provided by
first and second capacitor pads and an inductance provided
by an inductive transmission line. In some implementations,
a ground conductor serves as the second capacitor pad, and
a meander inductor serves as the inductive transmaission line.
In some cases, the capacitance and imnductance can be tuned
to select a resonance frequency of the device. For instance,
in some lumped-element devices, the LC characteristics can
be selected to define a resonance frequency in the range of
two hundred (200) MHz to twenty (20) GHz or another

range.
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In some implementations, a lumped-element device 1s
formed 1n an electromagnetic system having a microstrip
topology, a coplanar waveguide topology, or another topol-
ogy. In some example microstrip systems, the lumped-
clement device can be configured as a series bandpass
resonator, a parallel bandstop resonator, a parallel bandpass
resonator or a series bandstop resonator. For instance, the
example lumped-element device shown 1n FIG. 7 15 config-
ured as a parallel bandpass resonator, but 1t can be recon-
figured (e.g., by changing the connectivity between the
capacitor pad, the signal line, the meander inductor, and the
ground conductor; by reconfiguring or adding additional
clectrodes; etc.) as another type of resonator. In some
example coplanar waveguide systems, the lumped-element
device can be configured as a parallel bandpass resonator, a
parallel bandstop resonator, a low pass filter or a high pass
filter. For instance, the example lumped-element devices
shown 1 FIGS. 1, 2, 3A, 3B, 4, 5 and 7 are configured as
a parallel bandpass resonator, but they can be reconfigured
(e.g., by changing the connectivity between the capacitor
pad(s), the signal line(s), the meander inductor, and the
ground conductor; by reconfiguring or adding additional
clectrodes; etc.) as another type of resonator or filter.

FIG. 1A 1s a diagram of an example coplanar waveguide
system 100 that includes an example lumped-element reso-
nator device 116; FIG. 1B 1s a circuit diagram showing an
equivalent circuit model 140 of the coplanar waveguide
system 100 shown in FIG. 1A. In the circuit model 140
shown 1n FIG. 1B, the resonator device 116 1s represented by
a resonant circuit 143 that includes an effective inductance
144 and an eflective capacitance 145 1n parallel. The copla-
nar waveguide system 100 may include additional or dif-
ferent features, and the components of a coplanar waveguide
system can be arranged as shown in FIG. 1A or in another
manner.

The example coplanar waveguide system 100 shown 1n
FIG. 1A includes a single layer of conducting material on a
dielectric substrate 1135. The dielectric substrate can be a
low-loss dielectric matenial, such as, for example, silicon,
diamond, sapphire or another dielectric material. The con-
ducting material on the dielectric substrate 115 can include
superconducting material, such as, for example, aluminum,
niobium, metal alloys or a combination of these and other
types of matenals. In some instances, the coplanar wave-
guide system 100 operates at a temperature where the
conducting material on the dielectric substrate 115 1s super-
conducting. For instance, the coplanar waveguide system
100 may be cooled to cryogenic temperatures at or below 60
K,3 K, 800 mK, 150 mK, 10 mK, 5 mK, etc. As an example,
the coplanar waveguide system 100 may include a qubit
device that operates below 150 mK in the range of two
hundred (200) MHz to twenty (20) GHz. In some cases, the
coplanar waveguide system 100 includes multiple layers of
conducting material on the dielectric substrate 115.

In the example shown i FIG. 1A, the components of the
resonator device 116 are planar structures made of conduct-
ing material on the dielectric substrate 115. The example
resonator device 116 1s bordered by a planar ground con-
ductor 101. The example ground conductor 101 shown 1n
FIG. 1A includes a ground conductor portion 101A on the
left side of the diagram and another ground conductor
portion 101B on the right side of the diagram; the two
ground conductor portions 101 A, 101B are part of a com-
mon ground structure on the dielectric substrate 1135. The
example resonator device 116 1s connected to signal lines
103 A, 103B that reside 1n respective channels between the
ground conductor portions 101A, 101B. The signal lines
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103A, 103B can provide signaling and communication
between the resonator device 116 and another device 1n the
coplanar waveguide system 100 or an external system.

The example resonator device 116 shown in FIG. 1A
includes a capacitor pad 104 on the dielectric substrate 1135
and a meander inductor 107 on the dielectric substrate 115.
The example capacitor pad 104 and the example meander
inductor 107 are implemented as planar metal structures
tormed on the surface of the dielectric substrate 1135. In the
example shown 1n FIG. 1A, the components of the resonator
device 116 are in the same plane as the signal lines 103 A,
103B and the ground conductor 101. The example resonator
device 116 may include additional or different features, and
the features of the resonator device 116 can be arranged as
shown 1n FIG. 1A or in another manner.

In the example shown 1n FIG. 1A, the ground conductor
101 includes a cutout that 1s shaped to accommodate the
resonator device 116, and the capacitor pad 104 1s sur-
rounded by the ground conductor 101. The cutout in the
ground conductor 101 defines an inner boundary 102 that
has the same shape as the outer boundary 111A of the
capacitor pad 104. In the example shown 1 FIG. 1A, the
cutout 1n the ground conductor 101 and the outer perimeter
of the resonator device 116 are both square. In some
implementations, the cutout and the resonator device perim-
eter have another shape (e.g., circular, elliptical, hexagonal,
rectangular, octagonal, etc.). Some examples are shown in
FIGS. 2, 3A, 3B, 4, 5 and 7; some implementations may
include other shapes.

In the example shown 1n FI1G. 1, the ground conductor 101
serves as a second capacitor pad that forms a capacitance
with the capacitor pad 104. The example capacitor pad 104
1s capacitively coupled to the ground conductor 101 across
a gap 110 between the outer boundary 111 A of the capacitor
pad 104 and the mnner boundary 102 of the ground conductor
101. The gap 110 1s a void (a non-metallized area on the
surface of the dielectric substrate 1135) between the outer
perimeter of the capacitor pad 104 and the mner perimeter
of the cutout in the ground conductor 101. In some 1mple-
mentations, the capacitance across the gap 110 provides the
cllective capacitance of the resonator device 116. For
instance, the capacitance across the gap 110 may define the
ellective capacitance 145 in the circuit model 140 shown 1n
FIG. 1B. Thus, 1n some instances, the resonator device 116
can be tuned by modilying (increasing or decreasing) the
capacitance across the gap 110, for example, by making the
gap wider or narrower.

The example capacitor pad 104 has an mner boundary
111B that defines an interior clearance area 112 1in the
capacitor pad 104. The interior clearance area 112 includes
a void (a non-metallized area on the surface of the dielectric
substrate 1135) within the inner perimeter of the capacitor pad
104. The meander inductor 107 resides i1n the interior
clearance area 112 in the capacitor pad 104. In the example
shown, the meander inductor 107 includes a conductive
metal strip that extends from a first end 108 A connected to
the inner boundary 111B of the capacitor pad 104 to a second
end 108B connected to the inner boundary 102 of the ground
conductor 101. The first end 108 A of the meander imnductor
1077 can be coupled to the capacitor pad 104 conductively (as
shown 1n FIG. 1) or capacitively in some cases. Similarly,
the second end 108B of the meander inductor 107 can be
coupled to the ground conductor 101 conductively (as
shown 1n FIG. 1) or capacitively in some cases. In the
example shown i1n FIG. 1A, the second end 108B of the
meander inductor 107 extends through an opening 113 in the
capacitor pad 104. The opening 113 can be provided by
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forming a void (a non-metallized area on the surface of the
dielectric substrate 115) that extends between the gap 110
and the interior clearance area 112 1n the capacitor pad.
The meander inductor 107 1s an example of an inductive
transmission line. In some cases, another type of inductive
transmission line (e.g., a spiral inductor, or an inductor
having another shape) may be used. The conductor strip that
forms the example meander inductor 107 1n FIG. 1A follows
a meandering path between the first end 108A and the
second end 108B. In particular, the meandering path of the
conductor strip extends from the mner boundary 102 of the
ground conductor 101 through the opening 113, turns at a
right angle, follows a series of twelve tull turns (the first and
second full turns are labeled 109A and 109B in FIG. 1A),
then turns at a right angle and connects to the inner boundary
111B of the capacitor pad 104. A meander inductor 1n a
resonator device can be implemented with a different mean-
dering path that may include, for example, a different
number of (fewer or greater) turns, turns at different angles,
a different (longer or shorter) interval length between turns,
different spacing (more or less distance) between the parallel
intervals or a combination of these and other types of
features.

In the example shown 1n FIG. 1A, the meander inductor
107 1includes twelve full turns (six periods) within the
interior clearance area 112 1n the capacitor pad 104. The
example meander inductors shown in FIGS. 2, 3A, 3B and
4 each include twelve full turns, and the example meander
inductor shown 1n FIG. 5 includes eight full turns. Thus,
these examples each include at least four tull turns within the
interior clearance area in the capacitor pad, and the mean-
dering length of the strip within the interior clearance area
provides the primary inductive properties of the meander
inductor 107. In some cases, the meander inductor 1n a
lumped-element microwave resonator device includes a
different number of turns.

In some implementations, the meander inductor 107
defines the eflective inductance of the resonator device 116.
For instance, the inductance provided by the meander induc-
tor 107 may define the eflective inductance 144 1n the circuit
model 140 shown 1n FIG. 1B. Thus, 1n some 1nstances, the
resonator device 116 can be tuned by modilying (e.g.
increasing or decreasing) the inductance of the meander
inductor 107, for example, by making the meander inductor
107 longer or shorter. Making the meander inductor 107
longer or shorter may be accomplished, for example, by
moditying the number of turns, the interval length, the
spacing between parallel intervals or a combination of these
and other types of modifications.

As shown 1n FIG. 1A, the resonator device 116 resides 1n
a signal path between the first signal line 103A and the
second signal line 103B. The first signal line 103 A extends
between the ground conductor portions 101A, 101B and
terminates at an end 105 A that 1s capacitively coupled to the
capacitor pad 104. In the example shown 1n FIG. 1A, the end
105 A of the first signal line 103 A 1s an elongate conducting,
strip that resides within an interior clearance area 106 on a
first s1ide of the capacitor pad 104. The effective capacitance
between the first signal line 103 A and the capacitor pad 104
1s represented by the capacitance 147 1n the circuit model
140 shown in FIG. 1B. The second signal line 103B extends
between the ground conductor portions 101A, 101B and
terminates at an end 105B that 1s conductively coupled to the
capacitor pad 104. In the example shown 1n FIG. 1A, the end
1058 of the second signal line 103B connects directly to the
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side of the capacitor pad 104 that 1s opposite of the side
where the capacitor pad 104 connects to the first signal line
103A.

In some mmplementations, the resonator device 116 1s
coupled to additional or different types of signal lines, and
the signal lines can be coupled to the resonator device at
additional or different locations. Each of the signal lines can
be coupled (e.g., capacitively or conductively) to the respec-
tive sides of the capacitor pad, and 1n some cases, multiple
signal lines can be coupled on the same side of the capacitor
pad.

In some implementations, the signal lines 103A, 103B are
cach connected to other respective devices in the coplanar
waveguide system 100. As an example, the first signal line
103A may be connected to an input port that receives
microwave signals from an external control source, and the
second signal line 103B may be coupled to a qubit device
that 1s controlled by microwave signals transmitted through
the resonator device 116. The example coplanar waveguide
system 100 may include additional feeds for the resonator
device 116.

In the example circuit model 140 shown 1 FIG. 1B, the
resonance circuit 143 1s connected between input terminals
141A, 141B and output terminals 142A, 142B. One of the
input terminals 141B and one of the output terminals 142B
are connected to a common ground 146. In some implemen-
tations, the mput terminals 141 A, 141B 1n the circuit model
140 represent an input feed (e.g., from a control source, etc.)
provided by the first signal line 103A, and the output
terminals 142A, 142B represent an output feed (e.g., to a
qubit device or another type of system) provided by the
second signal line 103B.

In some implementations, the resonator device 116 has a
resonance Irequency in the microwave frequency range, for
example, 1n the range of one (1) to ten (10) gigahertz or
another range. For instance, the resonator device 116 may
have a resonant frequency that 1s configured to interact with
a qubit device (e.g., a transmon qubit device, a fluxonium
qubit device, or another type of quantum coherent device).
The resonance frequency of the resonator device 116 can be
defined 1n terms of the effective capacitance and the effective
inductance of the resonator device. For instance, the reso-
nance Irequency o of the resonator device 116 can be
expressed as f,=1/(2VLC), where C represents the effective
capacitance 145 and L represents the eflective inductance
144 in the circuit model 140 shown 1n FIG. 1B. In some
implementations, the resonance frequency 1, of the resonator
device 116 1s defined at least partially by the capacitance
across the gap 110 between the outer boundary 111 A of the
capacitor pad 104 and the imnner boundary 102 of the ground
conductor 101. For example, the capacitance across the gap
110 can define the eflective capacitance 145 1 some
instances. In some 1mplementations, the resonance fre-
quency 1, of the resonator device 116 1s defined at least
partially by the inductance of the meander inductor 107. For
example, the length and other parameters of the meander
inductor 107 can define the eflective inductance 144 1n some
instances.

In some 1mplementations, the example resonator device
116 can be formed 1n the coplanar waveguide system 100 by
forming the planar metal structures shown 1n FIG. 1A on the
dielectric substrate 115. For example, the capacitor pad 104,
the ground conductor 101 and the meander inductor 107 can
be formed 1n any order, for instance, by a series of deposition
processes, or they may be formed together as part of the
same deposition process. In some examples, a “sticky” seed
layer (e.g., Titantum or another type of material) 1s depos-
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ited, followed by Aluminum or another material. In some
cases, all or part of the capacitor pad 104, ground conductor

101 and meander inductor 107 are formed at least partially
by depositing a single layer of conductor material on the
dielectric substrate. In some 1mplementations, the signal
lines 103 A, 103B are formed by the same deposition process
that 1s used to form some or all components of the resonator
device 116. For instance, the signal lines 103A, 103B can be
formed at least partially by depositing a single layer of
conducting material on the dielectric substrate that also
forms at least part of the capacitor pad 104, the ground
conductor 101 and the meander inductor 107.

In the example shown 1n FIG. 1A, the ground conductor
101 1s formed about the capacitor pad 104, and the inner
boundary 102 of the ground conductor 101 1s separated from
the outer boundary 111 A of the capacitor pad 104 by the gap
110. The gap 110 can be sized to control a resonance
frequency of the resonator device 116. For example, the size
of the gap 110 can be specified to provide a particular
capacitance between the capacitor pad 104 and the ground
conductor 101. The meander inductor 107 1s formed 1n the
interior clearance area 112 1n the capacitor pad 104, with all
of the full turns of the meander inductor 1nside the interior
clearance area 112 and an end 108B of the meander inductor
107 extending through an opening 113 on one side of the
capacitor pad 104. The length of the meander inductor 107
can be sized to control a resonance frequency of the reso-
nator device 116. For example, the length of the meander
inductor 107 can be specified to provide a particular induc-
tance 1n the resonator device 116.

The example resonator device 116 shown 1n FIG. 1A 1s an
example of a lumped-element component. In some example
implementations, a lumped-element component 1n a copla-
nar waveguide topology i1s physically small (in 1ts areal
extent) compared to the guided wavelength of the coplanar
waveguide system. For mstance, the largest spatial dimen-
sion of the example resonator device 116 (its diagonal) can
be less than 10 or less than V20 of a guided wavelength at the
resonance Irequency of the resonator device 116.

For some example coplanar waveguide systems, the
guided wavelength (A,) can be determined by numerical
simulations. In some 1nstances, the guided wavelength can
be expressed

C
A =

© fea

where ¢ represents the speed of light 1n vacuum, 1, repre-
sents the resonant frequency of the primary mode of the
resonator device, and €_, represents the eftective dielectric
constant of the resonator device. For instance, 1n free space
.71 and 1n silicon €_,~11.9, and the eflective dielectric
constant of the resonator device will typically be between
these two values when the dielectric substrate 115 1s a silicon
substrate.

An example of a resonator device has been described with
respect to FIGS. 1A and 1B. FIGS. 2, 3A, 3B, 4, 5 and 7
show other examples of resonator devices that have different
features. In some cases, the examples shown 1n FIGS. 2, 3A,
3B, 4, 5 and 7 can be fabricated according to the same or
similar processes as the example resonator device 116
shown 1n FIG. 1A, and can be used 1n the same or similar
manner as the example resonator device 116 shown 1n FIG.
1A. In some 1nstances, features of the example resonator

devices shown 1n FIGS. 1A, 2, 3A, 3B, 4, 5 and 7 can be
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combined or modified to fabricate other resonator devices
that have the same, similar or different properties.

In some 1implementations, the example resonator devices
can be implemented as small, compact devices. The lumped-
clement inductance and capacitance of the resonator devices
can be substantially smaller than the guided wavelength at
the frequency of operation of the resonator device. In some
instances, lumped elements provide advantages due to their
smaller physical size and larger frequency ratio of primary
to secondary resonance. For instance, the largest spatial
dimension of the resonator device (its length, width, diago-
nal, etc.) can be less than Y10 or less than Y20 of a guided
wavelength at the operating frequency of the resonator
device.

Examples of lumped-element components that can be
used in planar circuits include spiral inductors, meander
inductors, interdigitated capacitors, metal-mnsulator-metal
capacitors and others. Spiral inductors typically include an
air bridge/crossovers that can require additional photolithog-
raphy steps and introduce material that may not be accept-
able for some applications. In some cases, spiral inductors
have a higher inductance than meander inductors. Interdigi-
tated capacitors can introduce a high E-field and loss at the
“fingers” of the interdigitated structure, and metal-insulator-
metal capacitors can require additional photolithography
steps and introduce material that may not be acceptable for
some applications.

Meander inductors are included 1n the example resonator
designs shown 1n FIGS. 1A, 2, 3A, 3B, 4, 5 and 7. In some
instances, other lumped-element components may be
selected. In the example resonator designs shown i FIGS.
1A, 2, 3A, 3B, 4, 5 and 7, the meandering conductor strip
that forms the meander inductor 1s co-located with the
capacitor and nested within an interior clearance area in the
capacitor. The imnductance 1s produced from current flow 1n
a thin meander traced to ground and the associated energy
stored 1n the magnetic field 1n and around the conductor. The
capacitance 1s formed between a pad (that surrounds the
inductor) and an exterior ground plane. Thus, an LC shunt
combination creates resonant behavior at a resonant fre-
quency f,=1/(2nVL.C).

In some implementations of the example resonator
designs shown i FIGS. 1A, 2, 3A, 3B, 4, 5 and 7, the
inductance may be independently tuned by modifying the
length of the meander. To increase inductance, thinning the
meander trace enables more meander turns and thus a
greater length to {it in the same area. Because inductance 1s
typically proportional to the total meander length, it may be
tuned over a wide range of values. As an example, in a first
numerical simulation, the example resonator device 116
shown 1 FIG. 1A was simulated as a 0.8 mm-by-0.8 mm
square resonator (having a length and width of 0.8 mm) with
the meander inductor having a length of 6.8 mm, and the
simulated resonance frequency was 4.25 GHz. In a second
numerical simulation, the 0.8 mm-by-0.8 mm square reso-
nator device was simulated with a different meander induc-
tor, this time having a length of 21.4 mm (with the other
components being the same), and the simulated resonance
frequency was 2.68 GHz. In this example, comparison of the
first and second simulations shows that increasing the length
of the meander decreases the resonance frequency, demon-
strating a tuming range of 1.6 times from the inductance
alone.

In the second numerical simulation of the 0.8 mm-by-0.8
mm square resonator, to fit the longer meander trace in the
same 1nterior clearance area, the width of the meander was
reduced from 15 um wide to 5 um wide, and the number of
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turns was increased from 12 full turns (six periods) to 40 full
turns (twenty periods). In both examples, the gap 110
between the capacitor pad 104 and a ground conductor 101
was 20 um wide. According to the first numerical simulation
(with the shorter meander length of 6.8 mm), the first mode
was at 4.25 GHz, the second mode was at 18.3 GHz, and the
third mode was at 19.9 GHz; thus, the second mode was 4.3
times higher than the first mode. According to the second
numerical simulation (with the longer meander length of
21.4 mm) the first mode was at 2.68 GHz, the second mode
was at 12.2 GHz, and the third mode was at 18.5 GHz; thus,
the second mode was 4.6 times higher than the first mode.

In some mmplementations of the example resonator
designs shown in FIGS. 1A, 2, 3A, 3B, 4 and 3, the
capacitance may be independently tuned by modifying the
gap between the outer edge of the resonator device and the
ground plane. As described above, 1n the first stmulation, the
example resonator device 116 shown 1n FIG. 1A was simu-
lated as a 0.8 mm-by-0.8 mm square resonator (having a
length and width of equal size, 0.8 mm) with the gap 110
having a width of 20 um as described above, and the
simulated resonance frequency was 4.25 GHz. In a third
simulation, the 0.8 mm-by-0.8 mm square resonator device
was simulated with a different gap width, this time having a
width of 5 um (with the other components being the same),
and the simulated resonance frequency was 3.518 GHz. In
this example, comparison of the first and third simulations
shows that increasing the length of the meander decreases
the resonance frequency, demonstrating a tuning range of
1.21 times from the capacitance alone. According to the
third numerical simulation (with the smaller gap width of 5
um), the first mode was at 3.5 GHz, the second mode was at
16.6 GHz, and the third mode was at 20.1 GHz; thus, the
second mode was 4.7 times higher than the first mode.

In some implementations of the example resonator
designs shown i FIGS. 1A, 2, 3A, 3B, 4, 5 and 7, the
resonance of the resonator device can be tuned by control-
ling both the inductance and capacitance, which may pro-
vide an even greater range of control. For example, in a
fourth numerical simulation, the 0.8 mm-by-0.8 mm square
resonator device was also simulated with both modifications
described above—the longer meander length (21.4 mm)
from the second simulation and the smaller gap width (5 um)
from the third simulation, and the simulated resonance
frequency was 2.18 GHz. In this example, comparison of the
first and fourth simulations shows that increasing the length
of the meander and decreasing the gap width decreases the
resonance Irequency further, demonstrating a tuning range
of 1.95 times from a combination of both factors. According
to the fourth numerical simulation (with the longer meander
length of 21.4 mm and the smaller gap width of 5 um) the
first mode was at 2.2 GHz, the second mode was at 11.3
(GHz, and the third mode was at 16.6 GHz; thus, the second
mode was 5.2 times higher than the first mode.

In some implementations of the example lumped-element
resonator designs shown in FIGS. 1A, 2, 3A, 3B, 4,5 and 7,
the resonator device provides advantages over a conven-
tional transmission line resonator. For instance, a transmis-
s10n line resonator may require a planar area that 1s four to
five times larger than a lumped-element resonator having a
similar resonance frequency. In one example comparison
that was numerically simulated, a transmission line resona-
tor having a resonance frequency of 3.75 GHz had an area
of 1.7 mm”, and a lumped-element resonator having a
resonance frequency of 3.45 GHz had an area of 0.36 mm”
(between 5 and V4 the area of the transmission line reso-
nator). The lumped-element resonator may also provide
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better suppression of higher order modes. For instance, in
the simulated comparison just mentioned, the lumped-ele-
ment resonator suppressed higher order modes greater than
five times the base resonance frequency, and the transmis-
s1on line resonator suppressed higher order modes up to two
times the base resonance frequency.

In some implementations of the example resonator
designs shown i FIGS. 1A, 2, 3A, 3B, 4, 5 and 7, the
clectromagnetic coupling strength between a signal line and
the resonator device or between two resonators can be tuned.
For instance, in an example simulation, the capacitive cou-
pling between the 1nput signal line and the capacitor pad of
the resonator device was swept over a wide range without
causing a substantial change 1n the resonance frequency of
the resonator device. In the example simulation, the width
between the mput signal line and the capacitor pad of the
resonator device was swept over a range from 50 um to 700
um, and the frequency of the resonator changed by only
3.6% (from 4.4 GHz to 4.2 GHz). In these simulations, the
Q factor of the resonator varied by 44x over the swept range
(of width between the input signal line and the capacitor
pad) while the resonant frequency stayed stable. This allows
for tuning the coupling over a wide range while not signifi-
cantly shifting the resonator frequency. The ) factor tuning
may be extended into the many thousands, for instance, by
backing out the signal line from the resonator.

In some implementations, multiple resonator devices can
be coupled together. For instance, a coplanar waveguide
system can 1include two resonator devices side-by-side in the
same plane as the ground conductor and the signal line. The
ground conductor strip between the two resonator devices
can provide capacitive coupling between the resonator
devices, and the separation distance between the neighbor-
ing edges of the two resonator devices (the width of the
ground conductor strip) can be selected to control the
coupling strength between the resonator devices. In an
example simulation, two coupled resonators were separated
by a ground strip that was swept from 50 um to 300 um in
width. The inter-resonator coupling strength between the
resonator devices varied by about seven times over the
swept range of the separation distance, while the Q factor
remained relatively stable (+/-1.7% of 90) for distances
greater than 150 um. In particular, the frequency spacing
between the resonators at S0 um separation was 170 MHz
while the frequency spacing between the resonators at 300
um was 24 MHz. The resonator devices may be coupled by
other techniques, for example, through an 1r1s in a top or
bottom enclosure or with transmission line tunnels made by
an enclosure.

In some 1mplementations, to reduce field loss and thus
increase the (Q factor of the resonator device, the participa-
tion ratio in the substrate dielectric can be reduced. One
example technique to reduce the participation ratio includes
introducing etching channels to remove the dielectric 1n the
highest electric field location 1n the gap between the outer
boundary of the capacitor pad and the mner boundary of the
ground conductor. Another example technique to reduce the
participation ratio includes bringing a top metallic lid close
to the gap to pull fields into vacuum and further reduce the
ficlds 1 the substrate. These and other techniques can be
used alone or 1n combination to reduce field loss.

FIG. 2 1s a diagram of a coplanar waveguide system 200
that includes another example lumped-element resonator
device 216. The example coplanar waveguide system 200
may include additional or different features, and the com-
ponents of a coplanar waveguide system can be arranged as
shown 1n FIG. 2 or 1n another manner.
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The example coplanar waveguide system 200 shown 1n
FIG. 2 includes a single layer of conducting material on a
dielectric substrate 215. In some cases, the coplanar wave-
guide system 200 includes multiple layers of conducting
material. In the example shown 1n FIG. 2, the components
of the resonator device 216 are planar structures made of the
conducting material on the dielectric substrate 215. The
example resonator device 216 1s bordered by a planar
ground conductor 201. The example ground conductor 201
shown 1n FIG. 2 includes a ground conductor portion 201 A
on the left side of the diagram and another ground conductor
portion 201B on the right side of the diagram; the two
ground conductor portions 201A, 201B are part of a com-
mon ground structure on the dielectric substrate 215.

The signal lines 203A, 203B can provide signaling and

communication between the resonator device 216 and
another device in the coplanar waveguide system 200 or
another system. In the example shown 1 FIG. 2, the first
signal line 203A extends between the ground conductor
portions 201 A, 201B and terminates at an end 205A that 1s
capacitively coupled to one side of the capacitor pad 204; the
second signal line 203B extends between the ground con-
ductor portions 201A, 201B and terminates at an end 2058
that 1s capacitively coupled to the opposite side of the
capacitor pad 204.
The example resonator device 216 shown mn FIG. 2
includes a capacitor pad 204 on the dielectric substrate 215
and a meander inductor 207 on the dielectric substrate 215.
The example ground conductor 201 includes a cutout that 1s
shaped to accommodate the resonator device 216, and the
capacitor pad 204 1s surrounded by the ground conductor
201. In the example shown in FIG. 2, the cutout in the
ground conductor 201 and outer perimeter of the resonator
device 216 are both octagonal, having eight sides of equal
length.

The example resonator device 216 shown 1 FIG. 2 1s
similar to the example resonator device 116 shown 1n FIG.
1. and can be fabricated and used 1n a similar manner. The
perimeter of the example resonator device 216 1s octagonal
and therefore has a diflerent shape than the example reso-
nator device 116 shown in FIG. 1. Accordingly, the cutout in
the ground conductor 201 (defined by the inner boundary
202 of the ground conductor 201 shown i FIG. 2) is
octagonal and therefore has a different shape than the square
cutout 1n the example ground conductor 101 shown 1n FIG.
1.

In the example shown 1n FI1G. 2, the ground conductor 201
serves as a second capacitor pad that forms a capacitance
with the capacitor pad 204. The example capacitor pad 204
1s capacitively coupled to the ground conductor 201 across
a gap 210 between the outer boundary 211A of the capacitor
pad 204 and inner boundary 202 of the ground conductor
201. The example capacitor pad 204 also has an 1nner
boundary 211B that defines an interior clearance area 212 in
the capacitor pad 204, and the meander inductor 207 resides
in the interior clearance area 212 in the capacitor pad 204.
The meander inductor 1s connected between the inner
boundary 202 of the ground conductor 201 and the inner
boundary 211B of the capacitor pad 204. The meander
inductor 207 shown 1n FIG. 2 1s an example of an inductive
transmission line. In some cases, another type of inductive
transmission line may be used in the example resonator
device 216.

FIG. 3A 1s a diagram of a coplanar waveguide system
300A that includes another example lumped-element reso-
nator device 316A. The example coplanar waveguide sys-
tem 300A may include additional or different features, and
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the components of a coplanar waveguide system can be
arranged as shown 1n FIG. 3A or in another manner.

The example coplanar waveguide system 300A shown in
FIG. 3A includes a single layer of conducting material on a
dielectric substrate 315. In some cases, the coplanar wave-
guide system 300A 1ncludes multiple layers of conducting
material. In the example shown 1n FIG. 3A, the components
of the resonator device 316A are planar structures made of
conducting material on the dielectric substrate 313, and the
example resonator device 316A i1s bordered by a planar
ground conductor 301. The example shown i FIG. 3A
includes two ground conductor portions 301 A, 301B that are
part of a common ground structure on the dielectric substrate
315.

The example resonator device 316 A shown 1n FIG. 3A 1s
similar to the example resonator device 116 shown i FIG.
1, and can be fabricated and used in a similar manner. The
perimeter of the example resonator device 316A 1s circular
and therefore has a different shape than the example reso-
nator device 116 shown 1n FIG. 1. Accordingly, the cutout in
the ground conductor 301 defined by the inner boundary 302
1s also circular and therefore has a different shape than the
square cutout 1n the example ground conductor 101 shown
in FIG. 1.

The example resonator device 316A shown i FIG. 3A
includes a capacitor pad 304 A on the dielectric substrate 315
and a meander inductor 307 on the dielectric substrate 315.
The example ground conductor 301 includes a cutout that 1s
shaped to accommodate the resonator device 316 A, and the
capacitor pad 304 A 1s surrounded by the ground conductor
301. In the example shown in FIG. 3A, the cutout in the
ground conductor 301 and outer perimeter of the resonator
device 316A are both circular.

The signal lines 303A, 303B can provide signaling and
communication between the resonator device 316A and
another device in the coplanar waveguide system 300A or
another system. In the example shown 1 FIG. 3A, the first
signal line 303A extends between the ground conductor
portions 301A, 301B and terminates at an end 305A that 1s
capacitively coupled to one side of the capacitor pad 304A;
the second signal line 303B extends between the ground
conductor portions 301A, 301B and terminates at an end
305B that 1s capacitively coupled to the opposite side of the
capacitor pad 304A.

In the example shown 1n FIG. 3A, the ground conductor
301 serves as a second capacitor pad that forms a capaci-
tance with the capacitor pad 304A. The example capacitor
pad 304 A 1s capacitively coupled to the ground conductor
301 across a gap 310 between the outer boundary 311 A of
the capacitor pad 304A and inner boundary 302 of the
ground conductor 301. The example capacitor pad 304 A has
an mmner boundary 311B that defines an interior clearance
area 312 1n the capacitor pad 304A. The meander inductor
307 resides 1n the interior clearance area 312 1n the capacitor
pad 304A. The meander inductor 307 1s an example of an
inductive transmission line. In some cases, another type of
inductive transmission line may be used. The example
capacitor pad 304A shown 1 FIG. 3A also includes two
openings on 1ts perimeter that allow the signal lines 303 A,
303B to extend into voids where the ends 305A, 305B
reside.

FIG. 3B 1s a diagram of a coplanar waveguide system
300B that includes another example lumped-element reso-
nator device 316A. The example coplanar waveguide sys-
tem 300B may include additional or different features, and
the components of a coplanar waveguide system can be
arranged as shown in FIG. 3B or 1n another manner.
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The example coplanar waveguide system 300B i1s the
same as the example coplanar waveguide system 300A
shown 1n FIG. 3A, except that the first signal line 303 A 1s
conductively (rather than capacitively) coupled to the
capacitor pad 304B. In particular, the signal line 303A
shown 1n FIG. 3B extends between the ground conductor
portions 301A, 301B to an end 303C that 1s conductively
coupled to the capacitor pad 304B. Accordingly, the
example capacitor pad 304B shown in FIG. 3B does not
include the opening and void to accommodate capacitive
coupling to the first signal line 303A.

FIG. 4 1s a diagram of a coplanar waveguide system 400
that includes another example lumped-element resonator
device 416. The example coplanar waveguide system 400
may include additional or different features, and the com-
ponents of a coplanar waveguide system can be arranged as
shown i FIG. 4 or in another manner.

The example coplanar waveguide system 400 shown 1n
FIG. 4 includes a single layer of conducting material on a
dielectric substrate 415. In some cases, the coplanar wave-
guide system 400 includes multiple layers of conducting
material. In the example shown 1n FIG. 4, the components
of the resonator device 416 are planar structures made of
conducting material on the dielectric substrate 413, and the
example resonator device 416 1s bordered by a planar
ground conductor 401. The example shown in FIG. 4
includes four ground conductor portions 401 A, 4018, 401C,
401D that are part of a common ground structure on the
dielectric substrate 415.

The example resonator device 416 shown in FIG. 4
includes a capacitor pad 404 on the dielectric substrate 415
and a meander inductor 407 on the dielectric substrate 415.
The example ground conductor 401 includes a cutout that 1s
shaped to accommodate the resonator device 416, and the
capacitor pad 404 1s surrounded by the ground conductor
401. The example resonator device 416 shown 1n FIG. 4 1s
similar to the example resonator device 216 shown 1n FIG.
2, and can be fabricated and used in a similar manner. The
example resonator device 416 1s coupled to four signal lines
403A, 4038, 403C, 403D. Accordingly, the capacitor pad
404 1ncludes additional openings on its perimeter to provide
capacitive coupling with the signal lines 403A, 4038, 403C,

403D.

The signal lines 403A, 4038, 403C, 403D can provide
signaling and communication between the resonator device
416 and another device 1n the coplanar waveguide system
400 or another system. In the example shown 1n FIG. 4, the
first signal line 403 A extends between the ground conductor
portions 401 A, 401B and terminates at an end 405A that 1s
capacitively coupled to one side of the capacitor pad 404; the
second signal line 403B extends between the ground con-
ductor portions 401B, 401D and terminates at an end 4058
that 1s capacitively coupled to another side of the capacitor
pad 404; the third signal line 403C extends between the
ground conductor portions 401 A, 401C and terminates at an
end 405C that 1s capacitively coupled to another side of the
capacitor pad 404; the fourth signal line 403D extends
between the ground conductor portions 401C, 401D and
terminates at an end 405D that 1s capacitively coupled to
another side of the capacitor pad 404.

In the example shown 1n FI1G. 4, the ground conductor 401
serves as a second capacitor pad that forms a capacitance
with the capacitor pad 404. The example capacitor pad 404
1s capacitively coupled to the ground conductor 401 across
a gap 410 between the outer boundary 411A of the capacitor
pad 404 and inner boundary 402 of the ground conductor
401. The example capacitor pad 404 has an iner boundary
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411B that defines an interior clearance areca 412 in the
capacitor pad 404. The meander inductor 407 resides 1n the
interior clearance area 412 in the capacitor pad 404. The
meander imnductor 407 shown 1n FIG. 4 1s an example of an
inductive transmission line. In some cases, another type of
inductive transmission line may be used in the example
resonator device 416. The example capacitor pad 404 shown

in FIG. 4 also includes four openings on 1ts perimeter that
allow the signal lines 403A, 4038, 403C, 403D to extend

into voids where the ends 405A, 4058, 405C, 405D reside.

FIG. 5 1s a diagram of a coplanar waveguide system 500
that includes another example lumped-element resonator
device 516. The example coplanar waveguide system 500
may include additional or different features, and the com-
ponents of a coplanar waveguide system can be arranged as
shown 1n FIG. 5 or 1n another manner.

The example coplanar waveguide system 500 shown in
FIG. 5 includes a single layer of conducting material on a
dielectric substrate 515. In some cases, the coplanar wave-
guide system 500 includes multiple layers of conducting
material. In the example shown 1n FIG. 5, the components
of the resonator device 516 are planar structures made of the
conducting material on the dielectric substrate 515. The
example resonator device 516 1s bordered by a planar
ground conductor 501.

The example resonator device 516 shown in FIG. 5
includes an outer capacitor pad 504A on the dielectric
substrate 515, an 1nner capacitor pad 504B on the dielectric
substrate 515 and a meander inductor 507 on the dielectric
substrate 515. The example ground conductor 501 includes
a cutout that 1s shaped to accommodate the resonator device
516, and the capacitor pads 504 A, 504B are surrounded by
the ground conductor 501. In the example shown 1n FIG. 5,
the cutout in the ground conductor 501 and outer perimeter
of the resonator device 316 are both square.

The signal line S03A can provide signaling and commu-
nication between the resonator device 516 and another
device in the coplanar waveguide system 500 or another
system. In the example shown 1n FIG. §, the signal line S03A
extends between the ground conductor portions and termi-
nates at an end S05A that 1s capacitively coupled to one side
of the outer capacitor pad S04A.

The example resonator device 516 shown in FIG. 5 1s
similar to the example resonator device 116 shown i FIG.
1, and can be fabricated and used in a similar manner. The
example resonator device 516 includes two capacitor pads,
with the mner capacitor pad 504B nested inside the outer
capacitor pad 504A. In the example shown 1n FIG. 5, the
ground conductor 501 serves as a third capacitor pad that
forms a capacitance with the outer capacitor pad 504 A. The
example outer capacitor pad 504 A 1s capacitively coupled to
the ground conductor 501 across a gap 510A between the
outer boundary 511A of the outer capacitor pad 504A and
inner boundary 502 of the ground conductor 501. The
example outer capacitor pad 504 A also has an inner bound-
ary 511B that 1s separated from an outer boundary 511C of
the 1nner capacitor pad 504B by a gap S10A. The meander
inductor 507 1s connected between the inner boundary 511B
of the outer capacitor pad 504A and the inner boundary
511D of the mner capacitor pad 504B. The two capacitor
pads 1n the example resonator device 516 shown 1n FIG. 5
create two series capacitances to ground, which decreases
the eflective capacitance (whereas parallel capacitors would
increase ellective capacitance).

In the example shown in FIG. 5, the outer capacitor pad
504 A serves as a second capacitor pad that forms a capaci-
tance with the inner capacitor pad 504B. The example inner
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capacitor pad 504B 1s capacitively coupled to the outer
capacitor pad across a gap 510B between the outer boundary
511C of the inner capacitor pad 504B and inner boundary
511B of the outer capacitor pad S04A. The example inner
capacitor pad 504B also has an mner boundary 511D that
defines an interior clearance area 512 1n the 1nner capacitor
pad 504B, and the meander inductor 507 resides in the
interior clearance area 512 in the inner capacitor pad 504B.
A first end 508 A of the meander inductor 507 extends from
the mner boundary 511B through an opening 513B in the
iner capacitor pad 504B 1nto the interior clearance area 512
in the mner capacitor pad 504B. A second end 508B of the

meander 1nductor 507 extends from the inner boundary
511D of the capacitor pad 504B. The meander inductor 507

shown 1 FIG. 5 1s an example of an inductive transmission
line. In some cases, another type of inductive transmission
line may be used in the example resonator device 516. A
conductive strip 514 connects the mner capacitor pad 5048
to the ground conductor 501. As shown in FIG. 5, the
conductive strip 514 extends from the outer boundary 511C
of the mmner capacitor pad 504B, through an opeming 513 A
in the side of the outer capacitor pad 504A, to the mnner
boundary 502 of the ground conductor 501, conductively
connected at both ends.

FIG. 6A 1s a diagram of a quantum information control
circuit 600 that includes an example lumped-element reso-
nator device 602 coupled between an example control
system 601 and an example qubit device 610; FIG. 6B 1s a
circuit diagram showing an equivalent circuit model 640 of
the quantum 1nformation control circuit 600 shown in FIG.
6A.

In the example shown 1n FIG. 6A, the resonator device
602 and qubit device 610 each include planar metal struc-
tures on the surface of a dielectric substrate 611. A ground
conductor 603 on the surface of the dielectric substrate 611
includes cutouts that accommodate the resonator device 602
and the qubit device 610. Signal lines 606 A, 606B (residing
in respective channels defined 1n the ground conductor 603)
provide signaling and communication between the func-
tional components of the quantum information control cir-
cuit 600.

As shown 1n FIG. 6A, the example resonator device 602
includes a capacitor pad 604 and a meander imnductor 605,
where the meander inductor 605 i1s nested in an interior
clearance area in the capacitor pad 604. The resonator device
602 can be implemented according to any of the example
resonator devices shown 1n FIGS. 1A, 2, 3A, 3B, 4 and 5 or
in another manner. Also shown 1n FIG. 6A, the qubit device
610 includes a pad 607 coupled to a Josephson junction 608.
The resonator device 602 1s connected in series between the
control system 601 and the qubit device 610. A quantum
information control circuit 600 may include additional or
different features, and the components of a quantum infor-
mation control circuit can be arranged as shown or in
another manner.

In the circuit model 640, the example resonator device
602 1s represented by a resonant circuit 642 that includes an
ellective inductance (L,) and eflective capacitance (C)) 1n
parallel. Sources of the eflective inductance (L)) and eflec-
tive capacitance (C,) in the quantum information control
circuit 600 are labeled 1n FIG. 6 A. As shown 1n FIG. 6A, the
eflective inductance (L.,) of the resonator device 602 is
provided by the meander inductor 603, and the effective
capacitance (C,) of the resonator device 602 is provided by
the gap between the capacitor pad and the ground conductor

603
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In the circuit model 640, the example qubit device 610 1s
represented by a resonant circuit 643 that includes an
effective inductance (L ;) and eftective capacitance (C,,) in
parallel. Sources of the effective inductance (L ;) and etlec-
tive capacitance (C,) 1n the quantum information control
circuit 600 are labeled 1n FIG. 6 A. As shown 1n FIG. 6A, the
eflective inductance (L ;) of the qubit device 610 1s provided
by the Josephson junction 608, and the eflective capacitance
(Cp) of the qubit device 610 1s provided by a gap between
the pad 607 and the ground conductor 603.

As shown in FIG. 6 A, the control system 601 1s connected
to a signal line 606A that i1s capacitively coupled to the
capacitor pad 604 of the resonator device 602. The capaci-
tive coupling between the signal line 606A and the resonator
device 602 1s represented by the capacitance C,, between the
control circuit 641 and the resonant circuit 642 1n the circuit
model 640 shown in FIG. 6B. As shown 1n FIG. 6A, the
qubit device 610 1s capacitively coupled to the signal line
6068, which 1s conductively coupled to the capacitor pad
604 of the resonator device 602. The capacitive coupling
between the signal line 6068 and the qubit device 610 1s
represented by the capacitance Cy, between the two reso-
nant circuits 642, 643 1n the circuit model 640 shown 1n FIG.
6B.

In the circuit model 640 shown in FIG. 6B, the control
system 601 1s represented by a control circuit 641 that
includes a signal source i an output signal processing
system. The signal source can include, for example, an
arbitrary wavetorm generator and associated hardware (e.g.,
filters, multiplexers, etc.) configured to generate a micro-
wave signal and deliver the microwave signal to the quan-
tum information control circuit 600. For instance, the micro-
wave signal can be configured (e.g., by software running on
a classical computer) to perform a logical control operation
on the qubit device. The output signal processing system can
include, for example, a digitizer and associated hardware
(c.g., amplifiers, filters, multiplexers, etc.) configured to
obtain output signals from the quantum information control
circuit 600. For instance, the output signal processing sys-
tem can provide the output signals to a microprocessor or
another type of classical computing system for analysis.

The example quantum information control circuit 600 in
FIG. 6A shows an example system where a resonator device
1s used in connection with other circuit elements for storing
and processing quantum information. In some 1mplementa-
tions, multiple resonator devices and other circuit elements
can be used as building blocks 1 quantum information
processing circuits and other types of quantum microwave
integrated circuits. For instance, such resonator devices can
be implemented 1n a manner that 1s compatible with standard
waler-scale processing, qubit microfabrication, and other
system-level manufacturing processes.

In some implementations, the example quantum informa-
tion control circuit 600 or its components can be used 1in a
quantum computing system of the type described in PCT
App. No. PCT/US2015/018126, filed Feb. 27, 2015, entitled
“Housing (Qubit Devices 1n an Electromagnetic Waveguide
System,” which 1s hereby incorporated by reference for all
purposes. For instance, the resonator device 602 or any of
the resonator devices shown and described 1n the present
application can be used as readout resonators or in other

devices 1 a quantum computing system ol the type
described 1 the PCT application (App. No. PCT/US2015/

018126, filed Feb. 27, 2015, entitled “Housing Qubait
Devices 1 an Electromagnetic Waveguide System”).

In the example shown 1n FIG. 6A, the resonator device
602 can be a microwave Irequency superconducting reso-
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nator that operates 1n an environment (e.g., at temperatures
less than 10 mK) where macroscopic devices operate quan-
tum-mechanically (e.g., as an artificial atom with discrete
energy states, as a quantum bit, etc.). In some systems,
information can be stored 1n one or more quantum bits, and
the information storage capacity of the system can scale
exponentially with the number of coupled quantum bits 1n
the system. In some systems, large arrays of microwave
frequency resonators operating as quantum bits can be
constructed and can meet certain system criteria. For
example, the system may, 1n some cases, require that all
quantum bits are independently addressable with external
control signals, that all quantum bits be close enough
together that they can be coupled on demand, that all
quantum bits be measurable weakly to preserve the state of
information, or a combination of these and other require-
ments. In some quantum computing systems, the pitch
between qubits 1s finite and non-arbitrary, and miniaturizing
auxiliary microwave resonators provides advantages. In
some quantum computing systems, the weak measurement
can be provided by an auxiliary microwave resonator (e.g.,
a readout resonator) that 1s weakly coupled to a qubit by an
engineered coupling factor. In some quantum computing
systems, filters that include electromagnetic resonators are
used to provide 1solation of the qubit frequency from inter-
facing with an external environment. In some implementa-
tions, the example resonator devices can accomplish one or
more of these objectives, for example, allowing qubits to be
connected to nearly lossless superconducting readout reso-
nators that {it with a qubit lattice. Size reduction, spurious
mode 1solation, simplicity fabrication and scalability of
components may also provide advantages 1n quantum com-
puting systems.

FIG. 7 1s a diagram of a microstrip system 700 that
includes another example lumped-element resonator device
716. The example microstrip system 700 may include addi-
tional or different features, and the components of a
microstrip system can be arranged as shown 1n FIG. 7 or in
another manner.

The example microstrip system 700 shown in FIG. 7

includes a single layer of conducting material on a first side
751 of a dielectric substrate 715 and single layer of con-
ducting material on a second, opposite side 752 of the
dielectric substrate 7135. In some cases, the microstrip sys-
tem 700 includes multiple layers of conducting material. In
the example shown i FIG. 7, the components of the
resonator device 716 are planar structures made of the
conducting material covering a portion of the first side 751
of the dielectric substrate 715, and the planar ground con-
ductor 701 1s made of the conducting material covering the
tull area of the second side 752 of the dielectric substrate
715. The example resonator device 716 1s separated from the
ground conductor 701 by the vertical thickness of the
dielectric substrate 715.
The example resonator device 716 shown i FIG. 7
includes a capacitor pad 704 on the dielectric substrate 715
and a meander inductor 707 on the dielectric substrate 715.
A signal line 703 can provide signaling and communication
between the resonator device 716 and another device 1n the
microstrip system 700 or another system.

In the example shown 1n FI1G. 7, the ground conductor 701
serves as a second capacitor pad that forms a capacitance
730 with the capacitor pad 704. The example capacitor pad
704 1s capacitively coupled to the ground conductor 701
across the thickness of the dielectric substrate 715. The
example capacitor pad 704 has an outer boundary 711A and
an 1mner boundary 711B. The inner boundary 711B defines
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an interior clearance area 712 in the capacitor pad 704, and
the meander inductor 707 resides in the interior clearance
area 712 1n the capacitor pad 704. The meander inductor 707
shown 1 FIG. 7 1s an example of an inductive transmission
line. In some cases, another type of inductive transmission
line may be used 1n the example resonator device 716. The
meander inductor 707 1s connected between the inner
boundary 711B and a via 740. In the example shown, the via
740 extends through the thickness of the dielectric substrate
715 between the ground conductor 701 and a first end 708 A
of the meander inductor 707; the meander inductor 707
extends from the first end 708A to a second end 708B that
1s conductively connected to the inner boundary 711B of the
capacitor pad 704. The example meander inductor 707
includes ten full turns between the first end 708 A and the
second end 708B.

In some implementations, the systems described here,
including the resonator devices, coplanar waveguide sys-
tems, control circuits and other components, can be manu-
tactured by adapting tools and methodologies that are com-
monly used for micro- and nano-fabrication. As an example,
the resonator devices may be formed by a fabrication
process that includes spinning a photoresist material onto a
waler and then baking the wafer; projecting a mask pattern
onto the photoresist using a photolithography system; devel-
oping, cleaning and baking the exposed water; depositing
the conductor material on the water to form metallized areas
on the surface; stripping the remaining photoresist and
cleaning the water. The patterned water can then be further
processed for use or incorporated into another system for
use. The following recipe 1s an example that may be used to
fabricate one or more of the resonator devices described
here: (1) spin S1813 photoresist onto a clean (e.g., >=10
kOhm-cm) silicon water at 500 rpm for 5 seconds, then 4000
rpm for 5 seconds (~1.3 um thickness); (2) soitbake at 115°
C. for 60 seconds; (3) align mask with geometry pattern,
present to sample and expose to UV (e.g., GCA 8500 G-Line
(0.35 NA)); (4) develop photoresist with MIF-319 developer
tor 60 seconds to remove photoresist 1n areas that are to be
metallized (photoresist will remain 1n gaps); (5) clean, rinse,
dry sample; (6) softbake at 115° C. for 60 seconds; (7) under
vacuum, evaporate 0.5 um to 1 um aluminum with e-beam
evaporator onto sample; (8) strip remaining photoresist with
DMSQ, to lift off metal 1n gap locations; (9) clean, rinse, dry
sample. In some cases, the patterned waler can then be
assembled within a connectorized enclosure or deployed for
use 1n another environment. Other manufacturing processes,
including different recipes and different fabrication tools and
methodologies, may be used to form the systems described
here in some 1nstances.

In some implementations, the systems described here,
including the resonator devices, coplanar waveguide sys-
tems, control circuits and other components, can be used in
a number of contexts or applications, and may provide
technical advantages in some instances. As an example,
systems described here may be used as basic building blocks
for quantum microwave components (superconducting or
non-superconducting), such as, for example, quantum lim-
ited parametric amplifiers, Josephson parametric amplifiers,
Purcell filters or others. As another example, some of the
systems described here include miniaturized analog RF
filters, multiplexers or demultiplexers for size and weight
reduction of RF components used in satellites, aircratit,
portable electronics, superconducting electronic score,
quantum 1nformation processing components (e.g., 1n a
dilution iridge) and others. As another example, systems
described here may provide ease of tuning inductance (L),

10

15

20

25

30

35

40

45

50

55

60

65

20

capacitance (C), mput coupling and other parameters within
a prescribed footprint. In some cases, the tuning can be
provided by adjusting a single physical parameter or mul-
tiple physical parameters of the system (e.g., gap width,
trace length, etc.). As another example, systems described
here may provide mimature microwave integrated circuit
resonators for use 1 a quantum processor, which may
include, for example, on-chip superconducting (or non-
superconducting) multiplexers or demultiplexers for reduc-
ing the number of signal lines and thereby reducing the heat
load within a “cold” measurement setup, on-chip supercon-
ducting (or non-superconducting) multiplexers or demulti-
plexers for reducing the number of electronics channels for
quantum competition control signals, on-chip mtegration of
superconducting (or non-superconducting) readout resona-
tors with Josephson junctions. As another example, systems
described here may provide monolithic microwave inte-
grated filter circuits.

While this specification contains many details, these
should not be construed as limitations on the scope of what
may be claimed, but rather as descriptions of features
specific to particular examples. Certain features that are
described 1n this specification n the context of separate
implementations can also be combined. Conversely, various
features that are described 1n the context of a single 1mple-
mentation can also be implemented in multiple embodi-
ments separately or 1n any suitable subcombination.

A number of embodiments have been described. Never-
theless, 1t will be understood that various modifications can
be made. Accordingly, other embodiments are within the
scope of the following claims.

What 1s claimed 1s:

1. A quantum 1nformation processing circuit comprising:

a dielectric substrate; and

a lumped-element device on the dielectric substrate, the

lumped-element device comprising:

a first capacitor pad on the dielectric substrate, the first
capacitor pad being capacitively coupled to a second
capacitor pad, the first capacitor pad having an outer
boundary and an inner boundary, the inner boundary
defining an interior clearance area 1n the first capaci-
tor pad; and

an inductive transmission line on the dielectric sub-
strate 1n the 1nterior clearance area in the {irst capaci-
tor pad;

wherein the lumped-element device comprises a micro-

wave resonator device having a resonance frequency in

the range of two hundred (200) MHz to twenty (20)

GHz, and the largest spatial dimension of the lumped-

clement device 1s less than one-tenth of a guided

wavelength at the lowest-mode resonance frequency of
the lumped-element device.

2. The quantum information processing circuit of claim 1,
comprising a coplanar waveguide topology, wherein the
lumped-element device resides on a first side of the dielec-
tric substrate, and the quantum information processing cir-
cuit comprises a ground conductor on the first side of the
dielectric substrate.

3. The quantum information processing circuit of claim 1,
comprising a microstrip topology, wherein the lumped-
clement device resides on a first side of the dielectric
substrate, and the quantum information processing circuit
comprises a ground conductor on a second, opposite side of
the dielectric substrate.

4. The quantum information processing circuit of claim 1,
wherein the second capacitor pad comprises a ground con-
ductor.



US 9,893,262 B2

21

5. The quantum information processing circuit of claim 1,
wherein the inductive transmission line comprises a mean-
der inductor in the interior clearance area 1n the first capaci-
tor pad.

6. The quantum information processing circuit of claim 1,
wherein the lumped-element device comprises a filter
device.

7. The quantum information processing circuit of claim 1,
comprising a ground conductor, wherein the inductive trans-
mission line comprises an end conductively coupled to the
ground conductor.

8. The quantum information processing circuit of claim 1,
comprising a ground conductor, wherein the inductive trans-
mission line comprises:

a first end coupled to the inner boundary of the first

capacitor pad; and

a second end coupled to the ground conductor.

9. The quantum 1information processing circuit of claim 1,
turther comprising a qubit device coupled to the lumped-
clement device.

10. The quantum information processing circuit of claim
1, wherein the first capacitor pad and the inductive trans-
mission line comprise superconducting material.

11. The quantum 1nformation processing circuit of claim
1, wherein the dielectric substrate comprises at least one of
s1licon, sapphire or diamond.

12. The quantum information processing circuit of claim
1, wherein the lumped-element device comprises a micro-
wave resonator device having a resonance frequency that 1s
defined at least in part by:

a capacitance between the first and second capacitor pads;

and

an 1nductance of the mductive transmission line.

13. The quantum information processing circuit of claim
1, wherein the inductive transmission line resides in the
interior clearance area in the first capacitor pad, and 1is
surrounded by the first capacitor pad.

14. The quantum information processing circuit of claim
1, wherein the largest spatial dimension of the lumped-
clement device 1s less than one-twentieth of a guided wave-
length at the lowest-mode resonance frequency of the
lumped-element device.

15. A method of forming a lumped-element device 1n a
quantum 1nformation processing circuit, the method com-
prising:

receiving a dielectric substrate;

forming a first capacitor pad on a surface of the dielectric

substrate, the {first capacitor pad being capacitively
coupled to a second capacitor pad, the first capacitor
pad having an outer boundary and an nner boundary,
the 1ner boundary defiming an interior clearance area
in the first capacitor pad;

forming an inductive transmission line on the dielectric

substrate 1n the interior clearance area in the first
capacitor pad;

wherein forming the lumped-element device comprises

forming a microwave resonator device having a reso-
nance frequency in the range of two hundred (200)
MHz to twenty (20) GHz, and the largest spatial
dimension of the lumped-element device 1s less than
one-tenth of a guided wavelength at the lowest-mode
resonance Irequency of the lumped-element device.

16. The method of claim 15, wherein at least a portion of
the first capacitor pad and the inductive transmission line are
tormed by depositing a single layer of conductor material on
the dielectric substrate.
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17. The method of claim 15, comprising defiming a size
parameter of the inductive transmission line to control a
resonance frequency of the microwave resonator device.

18. The method of claim 15, wherein the first capacitor
pad and the mductive transmission line comprise supercon-
ducting material.

19. The method of claim 15, wherein the dielectric
substrate comprises at least one of silicon, sapphire or
diamond.

20. The method of claim 15, wherein the lumped-element
device comprises a microwave resonator device having a
resonance Ifrequency that 1s defined at least 1n part by:

a capacitance between the first and second capacitor pads;

and

an inductance of the inductive transmission line.

21. The method of claim 15, comprising defining a size
parameter of the first and second capacitor pads to control a
resonance frequency of the microwave resonator device.

22. The method of claim 15, wherein the inductive
transmission line i1s formed such that the mductive trans-
mission line resides in the interior clearance area in the first
capacitor pad, and is surrounded by the first capacitor pad.

23. The method of claim 15, wherein the largest spatial
dimension of the lumped-element device 1s less than one-
twentieth of a guided wavelength at the lowest-mode reso-
nance frequency of the lumped-element device.

24. A quantum mnformation processing circuit comprising:

a qubit device; and

a resonator device coupled to the qubit device, the reso-

nator device comprising:

a first capacitor pad on a dielectric substrate, the first
capacitor pad being capacitively coupled to a second
capacitor pad, the first capacitor pad having an outer

boundary and an 1inner boundary, the inner boundary
defining an 1nterior clearance area 1n the first capaci-
tor pad; and

an inductive transmission line on the dielectric sub-
strate 1n the interior clearance area in the first capaci-
tor pad;

wherein the resonator device comprises a microwave

resonator device having a resonance frequency in the
range ol two hundred (200) MHz to twenty (20) GHz,
and the largest spatial dimension of the resonator
device 1s less than one-tenth of a gmided wavelength at
the lowest-mode resonance frequency of the resonator
device.

25. The quantum nformation processing circuit of claim
24, comprising a signal line on the dielectric substrate, the
signal line providing communication between the resonator
device and the qubit device.

26. The quantum 1nformation processing circuit of claim
24, wherein the inductive transmission line comprises a
meander mductor in the interior clearance area in the first
capacitor pad.

277. The quantum information processing circuit of claim
24, wherein the inductive transmission line resides in the
interior clearance area in the first capacitor pad, and 1is
surrounded by the first capacitor pad.

28. The quantum nformation processing circuit of claim
24, wherein the largest spatial dimension of the lumped-
clement device 1s less than one-twentieth of a guided wave-
length at the lowest-mode resonance frequency of the
lumped-element device.

29. A quantum mnformation processing circuit comprising:

a dielectric substrate;

a lumped-element device on the dielectric substrate, the

lumped-element device comprising:
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a first capacitor pad on the dielectric substrate, the first
capacitor pad being capacitively coupled to a second
capacitor pad, the first capacitor pad having an outer
boundary and an inner boundary, the inner boundary
defining an interior clearance area 1n the first capaci-
tor pad; and

an inductive transmission line on the dielectric sub-
strate 1n the interior clearance area in the first capaci-
tor pad; and

a ground conductor, wherein the second capacitor pad
resides 1 an interior clearance area of the ground
conductor, and the first capacitor pad resides i an
interior clearance area of the second capacitor pad.

30. A quantum information processing circuit comprising:

a dielectric substrate;

a lumped-element device on the dielectric substrate, the
lumped-element device comprising:

a first capacitor pad on the dielectric substrate, the first
capacitor pad being capacitively coupled to a second
capacitor pad, the first capacitor pad having an outer
boundary and an inner boundary, the inner boundary
defining an interior clearance area 1n the first capaci-
tor pad; and

an mductive transmission line on the dielectric sub-
strate 1n the interior clearance area in the first capaci-
tor pad;

wherein the second capacitor pad has an outer boundary
and an inner boundary, the inner boundary of the
second capacitor pad defines an interior clearance area
in the second capacitor pad, and the first capacitor pad
resides 1n the interior clearance area in the second
capacitor pad.
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